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[57] ABSTRACT 

A WSix layer wherein the value of x as the stoichiometry of 
Si is not less than 2.7 and preferably not less than 3.0 is 
formed by LPCVD based upon reduction of SiCl2H2 of 
WF6. Even if this WSix ?lm is used without an adhesion 
layer such as poly Si (polycide structure), it is excellent in 
adhesion with respect to an SiO2 ?lm and provides a gate 
electrode capable of maintaining a satisfactory breakdown 
voltage value of a gate oxide ?lm. If n-type and p-type 
impurities are ion-implanted into an nMOS forming region 
and a pMOS forming region of the WSix layer and patterned, 
a gate electrode of a reduced thickness and a low resistance 
having a controlled work function may be formed for 
providing symmetrical threshold voltages. 

9 Claims, 15 Drawing Sheets 
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METHOD FOR MAKING REFRACTORY 
METAL SILICIDE ELECTRODE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to a method for forming a gate 

electrode employed in a semiconductor device, such as a 
MOS transistor. More particularly, it relates to a method for 
forming the gate electrode in which the gate electrode is 
formed solely by a refractory metal silicide ?lm for satis 
fying requirements for low cost. low resistance, superior 
adhesion or high gate voltage withstand characteristics and 
in which the work function of the gate electrode is controlled 
for improving the driving capability and accommodation to 
high degree of size re?nement. 

2. Description of the Related Art 
A complementary MOS transistor (CMOS) circuit, in 

which an n-type MOS transistor (nMOS) and a p-type MOS 
transistor (pMOS) are present on one and the same substrate, 
has such merits that the power consumption is low since the 
current ?ows only when both transistors are on, while it 
lends itself to size re?nement or high integration due to its 
structure and can be operated at a high operating speed. Thus 
the circuit is extensively used as many LSI constituent 
elements including memory or logic devices. 
The CMOS circuit may be formed not only on a bulk 

substrate but also on a silicon-on-insulator (SOI) substrate 
which assures complete device isolation. The use of the SOI 
substrate having an Si active layer with a thickness on the 
order of 500 nm leads to suppression of errors in software or 
to suppression of latch-up. which is a deleterious conduction 
phenomenon proper to the CMOS circuit, as has been shown 
since earlier stages of investigations. In addition, it has 
recently been shown that, if the Si active layer is reduced in 
thickness to about 100 nm and the channel impurity con 
centration is lowered to about l><lO17/cm3 or less for sub 
stantially depleting the Si active layer along its thickness. it 
becomes possible to achieve desirable performance, such as 
suppressed low-channel effect or improved current driving 
capability. 
As for gate electrodes of recent MOS transistors, there are 

two outstanding motifs for researches, namely (i) selection 
of constituent materials, and (ii) control of the work function 
for coping with size re?nement. 
The selection of constituent materials of the motif (i) is 

explained. As the gate electrode materials for MOS 
transistors, an n+type polysilicon ?lm or a polycide ?lm 
comprised of the n+type polysilicon ?lm layered thereon has 
hitherto been used The n+polysilicon ?lm is employed since 
it can withstand a high-temperature process satisfactorily. 
However, the sheet resistance of the n+type polysilicon is as 
high as approximately 100 ohm/El for the ?lm thickness of 
100 nm, such that, with progress in LSI size re?nement and 
high integration degree, signal delay due to metallization 
resistance of the polysilicon gate electrode has been 
increased to a level which is not negligible in association 
with the operating speed of LSI. Under such situation, 
attention has been directed to a refractory metal silicide 
having a post-annealing resistance about one order smaller 
than that of the impurity-containing polysilicon layer. Typi 
cal of the refractory metal silicide s tungsten silicide (WSix). 
In addition, this material has a work function larger than that 
of the impurity-containing polysilicon ?lm and is promising 
for controlling the threshold voltage V", by the work func 
tion. However, the WSi, ?lm is not employed as a single 
layer in the gate electrode for the following reason. 
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2 
First, the WSix ?lm is poor in adhesion with respect to an 

SiO2 ?lm. If. for example, the WSix ?lm is formed by 
so-called silane reduction CVD, the ?lm is highly suscep 
tible to exfoliation, although irradiation damages to the 
underlying SiO2 ?lm may be suppressed satisfactorily in 
distinction from the case of employing sputtering for depo 
sition in place of CVD. The reason is that F atoms are 
usually contained in a number on the order of 102°/cm3 in 
the WSix ?lm deposited by silane reduction CVD such that 
the bonds of Si atoms, which should be bonded to O atoms 
of the SiO2 ?lm, are consumed by F-atoms. 
The second problem is that the WSix film is poor in 

oxidation and susceptible to crack. With a system such as 
WSix in which W and Si co-exist, there is a probability that 
Si be oxidized ?rst to form a stable SiO2 ?lm on its surface. 
With a system in which Si is supplied in an abundant 
quantity from outside, the surface of the WSix can be 
protected by this SiO2 ?lm. However, with the WSix alone, 
the SiO2 ?lm having a suf?cient ?lm thickness to achieve 
surface protection is not produced, as a result of which 
volatile W0,: is yielded thus embrittling the produced ?lm. 

For the above reason, the WSix ?lm is not used alone with 
the generation since the submicron generation (0.7 to 0.8 
run) but is used extensively used in the from of a so-called 
W-polycide ?lm (tungsten polycide ?lm) comprised of the 
WSix ?lm layered on the n+polysilicon layer as a gate 
electrode material or a multi-layer metallization material for 
a memory/logic type device. This is based upon a concept 
that the polysilicon ?lm which is proven through use and 
whose characteristics are well-known should be used for an 
interface with the underlying SiO2 ?lm and the WSix ?lm 
layered thereon should be responsible for reducing the 
resistance. 

Next, control of the work function associated with size 
re?nement (ii) is explained. 
One of the reasons the n+type polysilicon ?lm or the 

polycide ?lm having the refractory metal silicide ?lm lay 
ered thereon has hitherto been used as a constituent material 
for the gate electrode of the MOS transistor is that, since the 
channel pro?le is of the buried type, the operating speed may 
be increased by taking advantage of high bulk mobility, in 
addition to the fact that heat resistance may be increased as 
described above. However, since the foremost portions of 
the depletion layer, protruded form the source/drain region, 
approach each other in the recessed substrate portion under 
the e?ect of the gate electrical ?eld, so that the problem of 
punch-through tends to be produced. Consequently, with a 
generation in which the design rules is reduced to lower than 
a deep submicron range, it becomes di?icult with the buried 
channel type to suppress short channel e?ects. Therefore, a 
surface channel type MOS transistor is desired. 

It is further demanded of the CMOS that the threshold 
voltage Vth of nMOS be symmetrical with respect to that of 
pMOS. With the conventional CMOS circuit employing 
n+type polysilicon ?lm for the gate electrodes of both the 
nMOS and the pMOS, there is a ditference in work function 
between nMOS and pMOS and, due to such difference, the 
threshold voltages Vth become non-symmetrical relative to 
each other. In order for the signal transfer characteristics to 
be symmetrical relative to each other in case of constituting 
the basic gate by the CMOS invertor, the Vth values of the 
two transistors need to be symmetrical relative to each other. 
Usually, boron is ion-implanted to a shallow depth in the 
pMOS region for setting the Vth values of the two transistors 
substantially equal to each other (usually, 1 V or less). 
However, if the impurity concentration in the vicinity of the 
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substrate surface is increased by ion implantation for Vth 
adjustment, the carrier mobility in the vicinity of the sub 

’ strate surface is lowered, which is deleterious to increasing 
the operating speed. 

Similar problems arise with the MOS transistor on the 
SOI substrate. That is, if attempts are made for setting the 
value of Vth of the nMOS having the n+polysilicon gate 
electrode to 0.5 to 1.0 V as required for the enhancement 
type transistor, the required channel impurity concentration 
is raised to a value exceeding 1O17/c . 

If the device size is re?ned to a gate length level of 0.1 
um, the absolute number of channel impurity atoms con 
tributing to Vth control per transistor is decreased, such that 
Vth ?uctuations die to statistic variations cannot be rela 
tively neglected, as reported in 1994 Symposium on VLSI 
technological abstracts, lecture numbers 2.3. In short, there 
is a certain limit in Vth control employing channel impurity 
in which the problem of obstructions to high operating speed 
or ?uctuations is inevitably produced. Therefore, if the 
channel pro?le is to be of a surface type, and optimum Vth 
control is to be achieved in the low channel impurity 
concentration range, it is imperative to control the work 
function of the gate electrode. 
As a speci?c example of the Vt control by the work 

function. there is presently known a so-called dual gate type 
CMOS in which an n+type polysilicon ?lm and a p+type 
polysilicon ?lm are used as the gate electrode for the nMOS 
and the gate electrode for the pMOS, respectively. 

In 1994 Symposium on VLSI technological abstracts, 
lecture number 2.2, there is shown a p+-n+double gate type 
MOS transistor. This MOS transistor. employing a p+type 
polysilicon ?lm for a front gate electrode and an n+type 
polysilicon ?lm as a back gate electrode, has succeeded in 
lowering Vth to less than 0.3 V, while suppressing short 
channelling effects. 

In 1993 IEDM abstracts, lecture number 30.2.1. there is 
shown a MOS transistor of fully depletion type susceptible 
to only small Vth ?uctuations with temperature in which Vth 
is lowered to near 0.15 V even although the channel impurity 
concentration is low. 

In 1985 IEDM abstracts. lecture number 15.5, there is 
shown a CMOS employing a Si-rich MoSix gate electrode 
doped with an impurity on the order of H1012”. With the 
CMS, a non-degradable Si layer whose change in Fermi 
level depends on temperature is segregated in the interface 
between the MoSix ?lm and the gate oxide ?lm for com 
pensating for variation in Vth due to temperature. 

However, the W-polycide ?lm, put to practical application 
under the above-described circumstances, and the Vth con 
trol by the work function envisaged up to now, suffer from 
the following drawbacks. 
The problem inherent in the W-polycide ?hn is ?rst 

discussed. 
The W-polycide ?lm is difficult to work anisotropically by 

dry etching. The reason is that the main etching species of 
the upper layer side WSix is chlorine. while the main etching 
species for the lower layer side polysilicon ?lm for high 
selectively etching of polysilicon is bromine, such that the 
optimum etching conditions differ between the two ?lms, 
and hence a multi-step process of switching the etching 
conditions partway becomes necessary if anisotropic etching 
is to be achieved with the two ?lms. However, with reduc 
tion in thickness of the gate electrode, only a small margin 
is left for switching timing shift, while timing judgment 
itself becomes di?icult with increase in surface steps. 
Therefore, the W-polycide ?lm is di?icult to etch unless the 
dry etching device exhibits markedly high controllability. 
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Second, the polysilicon surface needs to be rinsed meticu 

lously before formation of the WSix ?lm. During formation 
of the W-polycide ?lm, the wafer needs to be opened to 
atmospheric air after forming the polysilicon ?lm. For 
layering the WSix ?lm with good adhesion, it is necessary to 
remove a native oxide ?lm grown on the polysilicon ?lm 
surface during the time the polysilicon ?lm is exposed to 
atmospheric air. The native oxide ?lm is usually removed by 
dip washing of dipping the wafer in a dilute aqueous solution 
of hydro?uoric acid. A so-called water mark, a phenomenon 
in which the native oxide ?lm is left on a wafer portion on 
which liquid droplets are a?'ixed during wafer drying, is 
produced, thus seriously lowering the yield. Although it is 
contemplated to use a cluster tool and to form the polysilicon 
?lm and the WSix ?lm continuously without exposing the 
wafer to atmospheric air partway, it is not clear whether or 
not cost merits could be accrued. 

Third, there is a risk of accelerated oxidation of the gate 
oxide ?lm by layering of the WSix ?lm with the polysilicon 
?lm. In the WSix ?lm, a large quantity of F atoms derived 
from WP,5 as a gas of the ?lm-forming starting material are 
captured, as described above. If the F atoms are ditfused into 
the gate oxide ?lm, the reaction shown by the equation 

proceeds to continue capturing F atoms while releasing free 
oxygen. The oxygen thus released is diffused into a bound 
ary between the gate oxide ?lm and the polysilicon ?lm to 
allow a new oxide ?lm to grow to induce variations in the 
thickness of the gate oxides ?lm, as a result of which the 
threshold voltage Vth of the MOS transistor is ?uctuated. 

Fourth, the lower layer side polysilicon ?lm does not 
substantially contribute to reduction in resistance. The over 
all sheet resistance of the W-polycide ?lm has a limit 
approximately equal to 20 ohm/El for the ?lm thickness of 
100 nm (with the WSix ?lm thickness of 50 nm and the 
polysilicon ?lm thickness of 50 um). Thus the lower layer 
side polysilicon ?lm is deleterious for achieving size reduc 
tion in the height-wise direction. 

Fifth, since the W-polycide ?lm has a dual-layer structure, 
the process is complicated or the number of process steps is 
inevitably increased in all steps including pre-processing, 
?lm formation and ?lm working. This leads to increased 
production cost for LSI. 

Thus the W-polycide ?lm has been used at the cost of the 
sheet resistance or cost and suffers from peculiar problems 
inherent in its dual-layer structure. Therefore, if the prob 
lems such as adhesion to the SiO2 ?lm or oxidation could be 
solved, it is more convenient from resistance and cost 
considerations to employ the WSix ?lm alone as a gate 
electrode. On the other hand, the WSix ?lm, having a work 
function larger than that of the n+type polysilicon ?lm, is 
elfective for Vth control. The same may be said of high 
melting metal silicide ?lms other than the WSix ?lm. 
The problem of conventional Vth control by the work 

function is discussed. 
With the dual gate type CMOS employing n+and p+type 

polysilicon ?lms, it is possible to improve punch-through 
resistance by the nMOS and pMOS channel pro?le being of 
the surface channel type. However, it is still necessary to 
adjust the channel impurity concentration responsive to the 
work function of the gate electrode. In addition, if the gate 
length is re?ned up to the level of 0.1 pm, the channel 
impurity concentration reaches the order of 1018/cm3, which 
possibly leads to deterioration of the current driving capa 
bility of the transistor. 
On the other hand, the technique of employing the pl‘"+ 

double gate is limited to the transistor on the SOI substrate. 
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On the other hand, Vth is extremely sensitive to ?lm 
thicknesses of the Si or gate oxide ?lms as the active regions, 
thus detracting from device design feasibility. 
On the other hand, with the technique of employing the 

gate electrode with the use of the above-mentioned SiGe, it 
is di?icult to control the work function in the vicinity of the 
mid band gap. 

In addition, with the above-described technique of 
employing the MoSix gate electrode, since the MoSix ?lm is 
formed by sputtering, it is not possible to prohibit increase 
in the metallization resistance in the step regions caused by 
poor step coverage or deterioration in voltage withstand 
characteristics of the gate oxide ?lm caused by ion radiation 
damage during ?lm formation, so that the technique is 
insu?icient to apply to highly re?ned future devices. 

In short. a variety of the hitherto proposed work function 
controlling techniques of gate electrodes of the conventional 
MOS transistors are not completely satisfactory for Vth 
control. 

OBJECT S AND SUMMARY OF THE 
INVENTION 

It is a primary object of the present invention to provide 
a method for forming a gate electrode of a MOS transistor 
wherein, if the gate electrode is formed only of refractory 
metal silicide ?lm. the requirements such as low costs, low 
resistance, superior adhesion and high gate breakdown volt 
age may be met. 

It is another object of the present invention to provide a 
method for forming a gate electrode which enables the gate 
electrode to be formed in a manner of enabling optimum Vth 
control even in a range of low channel impurity concentra 
tion through controlling the work function of the gate 
electrode of the MOS transistor. 

According to the present invention, there is provided a 
method for producing an electrode comprising the steps of 
forming a refractory metal silicide ?lm on a substrate by 
carrying out CV D using a gas mixture containing a refrac 
tory metal ?uoride and a chlorosilane based compound and 
a step of patterning the refractory metal silicide ?lm for 
forming a metallization layer. 

After formation of the refractory metal silicide ?lm, an 
impurity for controlling the work function may be intro 
duced into the ?lm and patterning may then be carried out 
for providing a gate electrode. If. after introducing the 
impurity. a barrier ?lm is formed for preventing diifusion of 
the impurity on the refractory metal silicide ?lm, and the 
barrier ?lm and the refractory metal silicide ?lm are collec 
tively patterned in the patterning step, the impurity may be 
prevented from being diffused to outside even if annealing 
is carried out during the subsequent step. As the ban'ier ?lm, 
a ?lm of a metal nitride or metal oxynitride may be 
employed. Speci?c examples of these barrier ?lm include 
?lms of nitrites or oxynitrides of Ti, W or Si. 
The chlorosilane based compounds employed in the 

present invention include silane derivatives in which at least 
one of hydrogen molecules of silane (SiH4) or polysilane 
(SinH2n+2) are replaced by chlorine (Cl) atoms. 
The refractory metal silicide ?lms may be those routinely 

employed and may be exempli?ed by WSi,r ?lms, MoSix 
(molybdenum silicide) ?lms, TiSix (titanium silicide) ?lms 
or TaSix (tantalum silicide) ?lms. 

In the step of forming the refractory metal silicide ?lm, it 
is desirable to form a tungsten silicide ?lm having the 
formula WSix by CV D employing tungsten hexa?uorde 
(W136) and dichlorosilane (SiCl2H2). The present inventors 
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6 
have found by experiments that, if x in the above formula is 
maintained at 2.7 or higher, the breakdown voltage of the 
extremely thin gate oxide ?lm having a ?lm thickness in the 
vicinity of 10 nm may be maintained at a satisfactory value. 
Up to the generation when the gate oxide ?lm had a 
thickness near 10 nm, normal WSix ?lms formed by con 
ventional silane reduction with xz2.6 presented no particular 
problem as to the gate breakdown voltage. However, with 
the gate oxide ?lm having a thickness on the order of 10 nm, 
satisfactory values of the breakdown voltage cannot be 
guaranteed. That is, the WSix ?lm employed in the present 
invention is more Si-rich than the conventional routine 
WSix x530 is more preferred. There is a practical limita 
tion to the upper limit of x, which is not speci?ed herein, 
since the sheet resistance is increased if the ?lm becomes too 
Si-rich. 
The impurity may be introduced into the refractory metal 

silicide ?lm by any of gas-phase diffusion, solid-phase 
diffusion-or ion implantation methods. The impurity may be 
selectively introduced into a pre-set portion of the refractory 
silicide ?lm using a mask, or a plurality of different impu 
rities with the same or diiferent concentrations may be 
introduced into different portions by ion implantation via 
e.g., aresist mask. If patterning is performed in each of these 
portions, plural gate electrodes having different work func 
tions may be formed simultaneously. 
When introducing impurity into the refractory metal sili 

cide layer, the ' urity concentration is preferably set in a 
range of from 10 0 to 1022/cm3. If the impurity concentra 
tion is lesser than the above range, the work function is not 
varied signi?cantly, such that Vth adjustment cannot be done 
in a desired manner. With the impurity concentration higher 
than the above range, problems are raised particularly if the 
impurity is introduced by ion implantation. That is, if ion 
implantation is carried out into a thin ?lm, such as a gate 
electrode, the ion accelerating energy is lowered for prohib 
iting punch-through towards the lower side of the gate 
electrode. Thus, if ion implantation is to be performed with 
too high a concentration, the operation becomes time 
consuming to detract from the practical utility of the process. 
During ion implantation, a large quantity of impurities are 
introduced into the resist pattern used as a mask. Such resist 
pattern is cured due to internal cross-linking reaction, 
depending upon dopant types. The resist pattern, once cured, 
cannot be removed completely by usual 02 plasma ashing. 
In addition, the substrate surface tends to be contaminated 
by popping residues resulting from explosion of the surface 
cured layers. 

Meanwhile, the above-mentioned outward impurity dif 
fusion may be suppressed by suitably selecting the heat 
treatment method for controlling crystallinity of the high 
meltr'ng metal silicide ?lm. For this, there are two possible 
methods, that is a method of segregating elements not 
affecting the performance of the gate electrodes into a crystal 
grain boundary operating as a route of di?usion, for block 
ing the diffusion, and a method of suppressing growth of 
crystal grains for decreasing the grain boundary itself. The 
former technique may be realized by carrying out heat 
treatment in an atmosphere containing 10% or more of 02 or 
N2. If the amount of 02 or N 2 in the atmosphere is less than 
10%, the heat-treatment time becomes prolonged thus pro 
ducing ill e?’ects on device characteristics or through-put. 
There is no particular limitation to the upper limit of the 02 
or N2 content, which may even be 100%. The latter tech 
nique may be effected after patterning the gate electrode. 
Heat treatment may be carried out using any customary 
techniques, such as furnace annealing using an electrical 
furnace or a rapid thermal annealing (RI‘A) employing a 
halogen lamp. 
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The gate electrode formed by the present invention is 
conveniently employed as a gate electrode for a MOS 
transistor. The work function of the refractory metal silicide, 
employed in the present invention, is generally situated in 
the vicinity of a Si band gap. Therefore, if the gate electrode 
of the MOS transistor is prepared from such material, the 
threshold voltage Vth of the transistor may be adjusted to a 
proper value without the necessity of introducing a large 
amount of impurity into the channel region. With the con 
ventional MOS transistor employing a polysilicon gate 
electrode or a W-polycide gate electrode, it has been nec 
essary to raise the channel impurity concentration to 1017/ 
cm3 or higher for setting the threshold voltage Vth to e.g., 
about 0.6 V. With the WSix gate electrode, the channel 
impurity concentration on the order of 1016/cm3 su?ices 
even under the non-doped condition. It is known in general 
that electron mobility an is increased with decrease in 
scattering by impurities and becomes substantially 
redoubled at room temperature. Thus it is possible with the 
present invention to redouble the current driving capability 
of the MOS transistor which is proportionate to electron 
mobility pn. 

It is noted that O atoms in the SiO2 ?lm are bonded more 
strongly to the Si atoms than to W atoms in the WSix ?lm. 
Consequently, how many bonds of the Si atoms in the WSix 
?lm can be combined with the O atoms in the SiO2 repre 
sents a factor contributing to adhesion of the WSix?lm t0 the 
SiO2 ?lm. The WSix ?lm, formed by CVD by dichlorosilane 
reduction. captures F atoms in an amount three digits smaller 
than the WSix ?lm (l+lO17/cm3) , possibly because of the 
high crystallinity brought about by the high ?lm-forming 
temperature, so that the eifective bonds of the Si atoms are 
consumed for F atoms to a lesser extent. Consequently, with 
the CVD. with which dangling bonds of Si atoms ascribable 
to irradiation damage are thought to be produced in a lesser 
amount, a WSix having superior adhesion with respect to the 
Si atoms may be produced. In addition. by setting the 
stoichiometry of the Si atoms x relative to the W atoms to 
2.7 or higher, that is by employing a composition which is 
more Si-rich than the conventional composition, the break 
down voltage of the gate oxide ?lm having a thickness on 
the order of 10 nm can be maintained at an optimum value. 
Consequently, the gate electrode may be formed by only the 
WSix ?lm. which was di?icult to achieve with the conven 
tional method. In addition, since the ?lm formed by CVD is 
more excellent in coverage and damaged by ion irradiation 
to a lesser extent than that formed by sputtering, it becomes 
possible to suppress resistance increase in the step portion or 
deterioration in dielectric strength of the gate insulating ?lm. 
On the other hand, since the WSix ?lm has its work 

function closer to the Si band gap, the MOS transistor 
having its gate electrode formed of the above WSix ?lm is 
low in channel impurity concentration, high in carrier mobil 
ity and excellent in current driving capability may be 
produced. If impurity is added further to the WSix ?lm, it 
becomes possible to control the work function in the vicinity 
of mid band gap to improve the performance for future 
devices. If the impurity is introduced in this manner, heat 
treatment becomes necessary as post-processing for impu 
rity activation. If a metal nitride and/or a metal oxynitride 
layer is formed as a barrier ?lm on the WSix layer, 02 or N2 
is segregated in the grain boundary for blocking the route of 
diifusion, or if heat treatment is carried out after patterning 
the gate electrode for suppressing crystal grain growth for 
maintaining the state close to the amorphous state, outward 
impurity diffusion may be suppressed for preventing ?uc 
tuations in the work function. 
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8 
According to the present invention, since insu?icient 

adhesion or deterioration in the gate breakdown voltage may 
be overcome, the gage electrode may be formed solely by 
the refractory metal silicide layer which it has been difficult 
with the conventional method. Thus it becomes possible to 
form a gate electrode which is lower in resistance, smaller 
in thickness and more suited to high integration than with the 
use of the conventional polycide ?lm, with the result that the 
operating speed of the transistor may be improved signi? 
cantly. In addition, since the ?lm forming and worln'ng 
process may be simpler than with the polycide ?lm, the 
production cost is not increased. Furthermore, since the 
threshold voltage of the transistor can be accurately con 
trolled through controlling the work function of the gate 
electrode. it becomes possible to produce the high perfor 
mance transistor capable of coping with future size re?ne 
ment or use of a low power source voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a histogram showing voltage withstand charac 
teristics of a gate insulating ?lm of a MOS capacitor having 
a WSix (x=2.8) gate electrode produced in accordance with 
the present invention. 

FIG. 2 is a histogram showing voltage withstand charac 
teristics of a gate insulating ?lm of a MOS capacitor having 
a WSix (x=2.9) gate electrode produced in accordance with 
the present invention. 

FIG. 3 is a histogram showing voltage withstand charac 
teristics of a gate insulating ?lm of a MOS capacitor having 
a WSix (x=3.0) gate electrode produced in accordance with 
the present invention. 

FIG. 4 is a histogram showing voltage withstand charac 
teristics of the gate insulating ?lm of a MOS capacitor 
having a conventional polysilicon gate electrode. 

FIGS. 5A to 5B are schematic cross-sectional views 
showing a production process for a CMOS transistor 
employing WSix for a gate according to a ?rst embodiment 
of the present invention. 

FIGS. 6A to 6D are schematic cross-sectional views 
showing a production process of a CMOS transistor accord 
ing to a second embodiment of the present invention. 

FIGS. 7A to 7D are schematic cross-sectional views 
showing a production process of a CMOS transistor accord 
ing to a third embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Referring to the drawings, preferred embodiments of the 
present invention will be explained 11 detail. 
A ?rst embodiment of the present invention is now 

explained. 
In the present embodiment, a gate electrode was formed 

on a thin gate oxide ?lm, using a WSix layer having various 
values of the stoichiometry of Si x, for forming a gate 
electrode on a thin gate oxide ?lm for constituting a MOS 
capacitor. The relation between the values of x and the 
voltage withstand characteristics of the gate oxide ?lm was 
analyzed 
On an n-type Si substrate, for which device isolation has 

been achieved as conventionally, a gate oxide ?lm was 
grown to a thickness of 11 nm by heat oxidation. The 
substrate was then immediately transported into the LPCVD 
device and WSix?lrn was grown by dichlorosilane reduction 
CVD under the ?lm-forming conditions of the W136 flow rate 
of 1.6 SCCM. a SiCl2H2 ?ow rate of 80 to 160 SCCM, an 








